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Aftershock sequence of the 1994, Mw 6.8, Liwa earthquake 
(Indonesia): Seismic rupture process in a volcanic arc 
Christina Widiwijayanti •'2, Jacques D6verch•re 3,R6my Louat 2'4, Michel S6brier s, 
Hery Harjono •, Michel DiamenP, and Dannie Hidayat • 
Abstract. We present the aftershock activity following the 
February 15, 1994, Mw 6.8 earthquake which was strongly felt 
in southern Sumatra, Indonesia, near the Great Sumatran Fault 
(GSF). At this place, the slip rate is supposed to be low; 
neverthless, three M>6 events occurred along this segment 
during this century. No significant instrumental microseismi- 
city has ever been recorded there. We use data from both the 
regional Indonesian network and a local seismic array opera- 
ting 11 days after the mainshock during one month. 
Aftershocks mostly locate in a broad zone of 55x20 km 2 near 
two active NW-trending strike-slip segments of the GSF sepa- 
rated by a recent caldera, Suwoh. During the experiment, the 
NW segment (from Suwoh up to 15 km SE of the Ranau lake 
caldera, an old right-stepover pull-apart) was very active. As 
first suggested by the aftershock distribution and the lack of 
coseismic rupture at the surface, the 20 focal mechanisms de- 
termined provide evidence for various post-seismic stress ad- 
justments on secondary faults located in the Ranau-Suwoh 
paleo-pull-apart graben. Less than 20% of the aftershocks are 
directly linked to the main rupture, a nearly pure right-lateral 
strike-slip faulting reaching 25 km depth. A narrow seismic 
gap underlines the active volcanic area of Suwoh. We conclude 
that the rupture process along the GSF is controlled both by 
volcanism and structures, and that the volcanic activity affects 
the mechanical properties of the crust only in a narrow zone. 
Introduction 
A destructive earthquake devastated the region around the 
city of Liwa in southern Sumatra, Indonesia, on February 15, 
1994, at 17h 08mn U.T. The mainshock was located at 5.24øS, 
104.56øE according to the Euro-Mediterranean Seismological 
Center (CSEM), at 5.4øS, 104.8øE by the U.S. National 
Earthquake Information Center (NEIC), and at 5.10øS, 
104.13øE, using 16 regional stations of the Indonesian net- 
work. Magnitude estimates are Mw=6.8 (Harvard, CMTS), 
Ms=7.2 (NEIC-USGS), and mb=6.8 (CSEM). The location from 
the USGS (4.97øS, 104.30øE) [Seismological Notes, 1994] is 
close to the regional determination and provides a focal depth 
of 23 km from broadband seismograms. All determinations led 
to the conclusion that this event is shallow and occurred near 
the "Great Smnatran Fault" (GSF), a 1700 km-long crustal- 
scale strike-slip fault system [Fitch, 1972]. More than 200 
people died during the earthquake, and more than 2000 were 
injured. Extensive damage has been confined to a long, narrow 
zone near Liwa city, coinciding with the NW-SE strike of the 
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GSF. This was the largest earthquake recorded in southern 
Sumatra since June 25, 1933 (5.09øS, 104.70øE, Ms=7.5), 
which also displays a clear link with the GSF and affected 
roughly the same epicentral area [Berlage, 1934; Katili and 
Hehuwat, 1967]. Although events within the Sumatra island 
are less numerous and smaller than the fore-arc events, they 
may produce destructive effects due to their proximity to 
housing, and provide clues on the mechanics of faulting of 
major strike-slip systems [Mount and Suppe, 1992]. The 1994 
Liwa earthquake was thus the first opportunity since the 
development of temporal and permanent networks to study the 
aftershock sequence of a large earthquake associated with the 
GSF. Furthermore, the GSF is located along the Sumatra 
volcanic arc: the aftershock sequence can thus provide some 
insights into the seismogenic behavior of the crust in a hot, 
volcanic area. A French-Indonesian team of seismologists 
organized a field experiment in the source region to observe 
possible fault displacements at the surface and to record and 
analyze the aftershock activity from February 28 to March 30, 
1994. We present here the aftershock distribution, fault plane 
solutions, and the deduced stress field. We discuss the results in 
the light of historical seismicity, surface observations before 
and after the Liwa earthquake [Bellier and Sdbrier, 1994; 
Duquesnoy et al., this issue], and available kinematic data. 
Historic and Instrumental Seismicity 
The majority of large earthquakes in both historic and ins- 
trumental catalogs of the Sunda Arc locate in the fore-arc of 
Sumatra, and especially off SW Sumatra [Newcomb and 
McCann, 1987; Harjono et al., 1991]. The worldwide seismi- 
city catalog (USGS) shows that from 1960 to 1995, earth- 
quakes of magnitude 5 and more are clustering offshore, 
between Mentawai archipelago and south of Enggano islands, 
whereas activity on land is much less (Figure 1). This high 
level activity is probably not only related to the oblique 
convergence process of the Indian Plate below Eurasia, but 
also to the fore-arc deformation [Diament et al.. 1992; Zen Jr., 
1993]. Nevertheless, three large earthquakes (M>6) have 
occurred since 1928 along and in the vicinity of the southern 
part of the GSF, a 100 km-long right-stepover fault system 
also known as the Ranau-Suwoh-Semangka fault zone [Bellier 
and S•brier, 1994]. The largest event is the 1933 Ms=7.5 
earthquake near Liwa, which caused heavy damage in the 
Ranau-Suwoh area [Berlage, 1934]. No M>6 earthquake has 
occurred between 1933 and 1994 in the area. Temporary seis- 
mological studies have been previously conducted by French- 
Indonesian teams in southern Sumatra: one around the Sunda 
Strait [Harjono et al., 1991]; another covering the subduction 
zone, the southernmost part of GSF and the Mentawai fault 
zone by the use of marine and land stations [Zen Jr., 1993]. 
Both studies observed a low level of microseismicity in the 
southern part of the GSF, where slip rate is about 6_+4 mm/yr, 
i.e. the lowest along the GSF [Bellier and Sdbrier, 1995]. 
Fieldwork 
Careful field observation revealed no surface rupture. 
Topography in the Liwa area is uneven, the weathering layer is 
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Figure l. Shallow seismicity (<60 kin) located by the • 
worldwide USGS network from 1960 to 1995 (M>5) in M• 
southern Sumatra, Indonesia. Solid c•clc and star arc the PDE •G 
(Preliminary Determination of Epiccntrcs, NEIC) and the S• 
Harvard location of the February 15, 1994, Eiwa earthquake, •R 
respectively. Inset shows the position of the area, near the BRT 
subducfion (SZ) of the Indian plato below Eurasia (thick line). 
Thin lines •c the Mcntawai (MFZ) and Sumarran (SFZ) fault 
zones. Solid squares •c permanent seismic stations. 
•oz •04- •o•. •08- Table. Seismological Network Used for Locations, and Four- 
Layer Velocity Model Determined. Periods 1, 2, 3, and 4 are 
About: 02/17-03/30, 02/26-03/30, 03/01-03/16, and 03/10- 
03/30, respectively. Regional Stations are Underlined. 
Latitude S Longitude E Height, m Period 
06041.37' 105035.33 ' 200 1 
06020.70 ' 105058.53 ' 1345 1 
03038.03 ' 102035.54 ' 515 1 
05034.00 ' 105010.27 ' 200 1 
05ø51.00' 104052.80 ' 38 1 
05015.84 ' 104ø15.81 ' 235 2 
05008.37 ' 103058.62 ' 200 2 
05003.66 ' 104017.72 ' 1350 2 
05ø04.18 ' 104010.89 ' 1000 2 
05001.40 ' 104009.57 ' 790 2 
05001.03 ' 104002.38 ' 970 2 
04ø55.15 ' 104000.84 ' 610 2 
05ø01.19 ' 104ø14.17 ' 945 2 
04055.98 ' 104012.43 ' 1010 3 
05003.60 ' 104003.90 ' 1000 3 
05018.07 ' 104002.32 ' 60 4 
05ø08.41 ' 104ø17.10 ' 795 4 
Velocity, km/s Depth, km 
3.0 0 
5.6 1 
6.6 19 
7.9 33 thick, and consequently, many landslides were triggered by the 
mainshock. In addition, intense smoke and gas activity was 
observed in the Suwoh volcanic area (Figure 2). During the 11 
days following the mainshock, the nine closest seismological 
stations of the permanent regional network of the 
Meteorological and Geophysical Agency (BMG) of Indonesia 
and one temporal station in Liwa provided only a rough esti- 
mate of the aftershock activity (inset on Figure 2), as most 
stations were too far from the rupture area (inset on Figure 1). 
From February 27 to March 28, we operated 12 portable seis- 
mographs with 1-Hz vertical seismometers (9 analog and 3 
digital instruments, Figure 2). Data from the five closest 
permanent stations from BMG network were added (Table). 
Despite difficulties of field access (many mudslides cut the 
roads after the earthquake and rains were heavy), the distribu- 
tion of stations allows a good estimate of the aftershock 
locations from Ranau lake to Semangka bay. All instruments 
were located by GPS receivers and yielded at'rival time accuracy 
103.5 ø 104ø.0 ø 104.5 ø 105.0 ø 
o 
-.-__..,w.,,. 
•WTO• •t • 
• & ' •• BRT ø 
• •, •7• 03 ø 104 ø 105 ø 
•.5 ø • o , o •. 
Figure 2. Aftershock distribution from February 15 to March 
28, 1994, and temporal seismological network installed in 
March. Solid (inset) and open ckcles depict events located 
before and after February 28, 1994, respectively. Star is the 
CMT location of the mainshock after Harvard Univ., with the 
preferred Moment Tensor solution [Seismological Notes, 
1994]. Continuous and dashed thin lines •e major active and 
inactive hult traces of the GSF, respectively, after Bellier and 
Sdbrier [1994]. Triangles are local stations. 
-•.0 ø 
better than 0.1 and 0.2 s for P and S waves, respectively, using 
WWV signals for clock corrections every two days. 
Data Processing and Selection 
Hypocentre Location Procedure and Vp/Vs Ratio 
Aftershocks were located using HYPOINVERSE [Klein, 
1978] modified for station elevation corrections along ray 
paths. Standard errors on hypocentre locations generally 
underestimate the true errors on absolute locations; neverthe- 
less, they are good indicators of the quality of locations in our 
network configuration [Lyon-Caen et al., 1988]. More than 
1000 aftershocks were recorded during the survey. The 
following criteria were used to select the March events: rms 
<0.4s, erh<3 km, erz<5 km, at least 4 P-and 2 S-readings, and a 
distance to the closest station smaller than depth D, except for 
shallow events (D<5 km) for which the closest station was 
required to be at a distance less than 10 km. For February 
events, these criteria were about 5 times less selective. As 
depth determination is highly sensitive to the choice of Vp/Vs 
ratio, we have selected the best 50 events to determine a Vp/Vs 
of 1.65 + 0.01. Relocating aftershocks using values ranging 
from 1.60 to 1.73 yielded to the same Vp/Vs ratio within the 
standard deviation found according to arms minimum analysis. 
Velocity structure and computational procedure 
No detailed information on the velocity structure below the 
Liwa area is available. We thus use the 114 best-recorded after- 
shocks (rms<0.25s) from the March period as a representative 
sample of all aftershocks. They are successively located in a 
half-space with a P-velocity ranging from 2.5 to 8.5 km/s. 
The mean rms shows a clear minimum near 5.0-5.5 km/s for all 
events. We then use three subsets of events to find a velocity 
model for the upper crust, following the procedure described in 
Ddverch•re et al. [1993]. These tests were performed using an 
initial simple crustal model for which interface depths and 
velocities a?e subsequently changed, based on previous models 
deduced from refraction and seismicity studies in Sumatra 
[Kieckhefer et al., 1980] and Sunda Strait [Harjono et al., 
1991]. The velocity structure finally selected (Table) yields a 
smaller mean rms at all depths than any of the previous half- 
space models. This is partly due to the larger number of para- 
meters involved; however, it probably also reflects the better 
adequacy of such a velocity structure in locating shallow 
events compared to a half-space structure. The 114 events are 
successively located with initial depth values spaced every 5 
km (from 5 to 25 km) in order to identify and discard instable 
hypocentres. We separate the relocation process of the after- 
shocks using two different weighting schemes: for February 
and March periods, phases are downweighted from distances of 
50 to 1000 km, and from 50 to 300 km, respectively. Finally, 
S-phases have a 50% weighting compared to P-phases. 
Aftershock Distribution, 
and Stress Tensor 
Fault Plane Solutions, 
After selecting stable solutions using the parameters 
determined above, we finally kept 110 and 345 aftershocks 
recorded before and after March 1, 1994, respectively (Figure 
2). Large errors affect the February locations because of the 
low density of the network. In March, aftershocks display an 
average rms of 0.25s, and reach depths of 30 km. Their 
magnitudes range from 0.0 to 3.0. Hypocentres inside the 
network have an estimated horizontal and vertical accuracy of 
2 km and 4 km, respectively, for this March period. 
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Figure 4. Fault plane solutions determined, and computed 
stress axis directions (lower left corner). The shape ratio of the 
stress tensor is R = (o2-ol)/(•3-•1) ß Number close to each 
beachball is depth of event. Lines: same legend as Figure 2. 
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Figure 3. Cross sections perpendicular (A) and parallel (B) to 
the main active fault system (GSF). Only March aftershocks 
(345 events located by the local portable array) are plotted. 
Triangles are seismic stations. No vertical exaggeration. 
Aftershocks are numerous from 104øE (15 km SE of Ranau 
lake) up to the Suwoh volcanic area (i.e. along 30 km) and 
extend laterally over 15-20 km (Figure 2). Although less well 
resolved because of the less dense network in the southern- 
most part of the studied area, weaker, but significant activity, 
is nonetheless detected southeast of Suwoh up to the 
Semangka fault (Figure 2). The Suwoh area appears to be a rela- 
tively quiet zone during the recording period (Figures 2 and 3), 
with nearly all aftershocks occurring inside the old pull-apart. 
On a cross section perpendicular to the Ranau-Suwoh fault 
(Figure 3A), aftershocks are concentrated within a width of 15 
km and a depth of 18 km under sites SIN and SBI. A cross 
section parallel to the GSF (Figure 3B) shows two groups of 
events (from WTD to BRT, and SE of SILO) reaching depths of 
25 km, with a maximum around 10 km. Between them, there is 
a well-defined 8 km gap in the aftershocks, near BRT and SILO. 
We use P-wave first motions recorded on the whole network 
to construct individual fault plane solutions for events with at 
least 6 polarities and 270 degrees of azimuthal coverage. In 
addition, we have checked that computed take-off angles cor- 
respond to observed P-wave paths (direct or refracted). Twenty 
events meet these criteria and provide quite reliable solutions 
(Figure 4). They are used to deduce a stress tensor solution fol- 
lowing the inversion method of Carey-Gailhardis and Mercier 
[1987]. Among 20 solutions, 19 are correctly superimposed in 
a right dihedra analysis, and lead to maximum and minimum 
horizontal stress axes ol and •3 striking N30øE and N294øE, 
respectively, revealing a strike-slip regime (Figure 4). If we 
compare the o3 azimuth to the one found in the Sunda strait 
[Harjono et al., 1993], we may assume a smooth and 
progressive transition of the stretching direction from E-W in 
the Sunda strait to NW-SE in the Sumatra island. 
Discussion and conclusions 
The mainshock 
When comparing the PDE position of the mainshock rela- 
tive to the aftershock distribution, we note an eastward shift of 
about 20 km (Figure 1), like most of the other teleseismic de- 
terminations (see above). It should be noted that the location 
of a magnitude 5 event constrained by an OBS network off 
South Sumatra in 1991 was similarly shifted 48 km northeast 
[Zen Jr., 1993]. Consequently, we infer that the absolute 
locations displayed on Figure 1 are systematically biaised 20 
to 50 km westwards, presumably due to the anomalous 
propagation effects commonly occurring near subduction 
3054 WIDIWIJAYANTI ET AL.: AFTERSHOCKS OF THE 1994 LIWA EARTHQUAKE, SUMATRA 
zones [e.g., Katsurnata eta/., 1994]. Among the hypocentres 
and focal solutions of the 1994 mainshock, we prefer the 
centroid location (CMT-Harvard) at 5.15øS, 104.27øE, 16 km 
depth, and the Moment Tensor solution [Seismological Notes, 
1994], because of its consistency with the active GSF surface 
expression and dip (Figure 2). 
Stresses and regional kinematics 
As suggested by the aftershock distribution described above 
and the lack of coseismic rupture at the surface [Duquesnoy et 
al., this issue], the 20 focal mechanisms determined provide 
evidence for various post-seismic stress adjustments on 
secondary faults located in the Ranau-Suwoh palco-pull-apart 
depression, which were triggered by the main right-lateral 
strike-slip motion along the Ranau-Suwoh active fault seg- 
ment (Figure 3). Therefore, the structural inheritance, in this 
case the palco-pull apart, controls the aftershock distribution 
and explains its breadth. Concerning stresses, we note the 
smooth change of the {I3 azimuth which tends to parallel the 
GSF, when going from the Sunda strait up to the inner Sumatra 
island. Furthermore, the direction of the ol axis (N29øE) is 
consistent with the slip vector azimuth (N20øE-N30øE) deduced 
from thrust earthquakes at about 6øS and 103øE, whereas the 
latter strikes nearly N-S in the Sunda strait [McCaffrey, 1991]. 
This seems to be the direct effect of the increasing obliquity of 
the plate convergence westward from the Sunda strait. 
Rupture process and effect of volcanism 
We observe that, contrary to 1933, the rupture did not reach 
the Ranau lake caldera, which is an old pull-apart resulting 
from a releasing right-stepover [Bellier and Sdbrier, 1994]. 
The volcanic area of Suwoh has a similar origin, but is a 
smaller and complex pull-apart basin which could act as a 
failed asperity. It is worth noting that the strongest 
aftershocks mainly appeared in the southern segment during 
February, and then tended to migrate northwestwards (Figure 
2). The dimensions of the rupture area inferred from map view 
and depth distribution of aftershocks (about 55 by 20 km and 
from 0 to 25 km depth, Figures 2 and 3) fit well with the 
seismic energy released. Aftershocks were located as deep as 
28 km (Figure 3). Thus, the seismogenic thickness of the crust 
is large, although the GSF is located on the Sumatra magmatic 
arc. A seismic gap is found beneath the active volcanic zone of 
Suwoh. We conclude that, as far as rigidity of the crust is 
concerned, the weakening effect of volcanism is limited in 
space. Thus it appears that volcanoes act as plumes without 
large lateral heat diffusion, and that the volcanic, thermal, and 
structural context strongly controls the rupture process and the 
seismic moment release along the GSF system. 
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